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This paper presents the observations and characterization of Cloud-to-Ground (CG) lightning activity in Western
Antarctica in a region that covers the Amundsen/Bellingshausen Sea (ABS), the Antarctic Peninsula (AP) and the
Weddell Sea (WS). Lightning data have been collected by a lightning detector (Boltek LD-350) and an atmo-
spheric electric field mill (EFM-100) sensors deployed at the Carlini Base on the Antarctic Peninsula (CARL:
62.23oS, 58.63oW). The flash rate and flash multiplicity were analysed for three different seasons within a
1,000 km range, starting at the end of summer (February 2017) and ending in winter (July 2017). Three storm
days for each month (within the 1,000 km radius from the LD sensor) with three composite active thunderstorms
(labelled as Storm region A, B, and C) for each day have been selected from a collection of storm days between
February and July 2017. A total of 355,899 flashes have been recorded with 156,190 Positive CG and 199,709
Negative CG flashes from these 54 thunderstorms. In total, Positive CG flash counts made up around 43.9% of
the total detected CG flashes. Most of the Positive CG flashes (> 80%) had only 1 or 2 strokes with a maximum
number of 5. For Negative CG flashes, the average multiplicity and the maximum multiple stroke were 1.2 and
16 respectively. Most CG flashes were detected during the summer and fall months. Positive CG flashes were
prevalent in Western Antarctic storms even during the winter. The mean, median and range of the ratio of
Positive CG to Negative CG flashes were 0.7, 0.718 and 0.217–1.279, respectively.
1. Introduction
Cloud-to-Ground (CG) lightning flashes are the most common type
of lightning flash has and have been studied extensively. In general,
around 90% of CG flashes are negative CG (–CG) flashes with the re-
maining 10% being positive CG (+CG) flashes (Rakov, 2003; Akinyemi
et al., 2014; Dwyer and Uman, 2014; Cooray, 2015). Both CG flash
types play a significant role in lightning protection and atmospheric
physics. As discussed by Qie et al. (2006), the features and
characteristics of CG flashes are very significant in understanding the
mechanism of lightning and the development of lightning protection
systems.
The electric field temporal characteristics of CG flash waveforms
and the occurrences of CG flashes have been studied extensively. The
most recent study by Johari et al. (2017) characterized +CG flashes
focusing on the electric field produced by the first and subsequent re-
turn strokes in Sweden. They found 88% of the flashes were single-
stroke while 12% were multiple-stroke. Baharudin et al. (2016) also
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reported the stroke characteristics of +CG flashes in Sweden. They
found a total of 107 flashes having a maximum of four strokes. Hazmi
et al. (2016) reported the characteristics of multiple-stroke –CG light-
ning flashes in Padang, Indonesia. They examined 100 –CG flashes
comprising 623 strokes with an arithmetic mean (AM) of 5.2 and
maximum number of strokes of 18. The authors reported that all first-
return strokes were preceded by initial breakdown pulses. Similar ob-
servations have been reported by M. Zikri et al. (2018) based on a
magnetic field measurement system in Melaka, Malaysia. The authors
found that all the first return strokes were initiated by initial break-
down pulses.
Zhu et al. (2015) examined characteristics of –CG flashes at the
Lightning Observatory in Gainesville (LOG), Florida. They examined
important parameters of lightning flashes such as the flash multiplicity,
interstroke interval, flash duration and first-to-subsequent stroke field
peak ratio in their analysis. The average number of strokes per flash was
4.6 and the interstroke interval, flash duration and first to subsequent
stroke field peak ratio were around 52ms, 223ms, and 2.4 respectively.
Yair et al. (2014) presented stroke data obtained from the Israel
Lightning Location System (ILLS). The average multiplicity of –CG
flashes was around 1.4 and the percentage of single stroke flashes was
58%. Nag and Rakov (2012) examined 52 +CG flashes containing 63
strokes recorded between 2007 and 2008 in Gainesville, Florida. The
average multiplicity was 1.2 and the single stroke flashes accounted for
around 81% of the flashes. Fleenor et al. (2009) examined the char-
acteristics of –CG and +CG flashes in the Great Plains. A total of
204 +CG flashes were detected with 210 strokes and an average
multiplicity of around 1.04, while a total of 109 –CG flashes were ob-
tained with 296 strokes. Saba et al. (2006) determined the properties of
–CG lightning using digital high-speed video in their observations. They
found that 20% of the –CG were single-stroke flashes and the average
multiplicity was 3.8. Heidler and Hopf (1998) reported the measure-
ment of the electric field of CG flashes in Germany. A total of 44 +CG
flashes were detected with an average multiplicity of 1.3.
Studies on the CG flashes have been conducted extensively in var-
ious regions. However, no or very few studies have been carried out in
polar regions such as in Antarctica. A recent study regarding Antarctic
cloud properties by Adhikari et al. (2012) classified Antarctic clouds
into four types: high level cloud (cloud base≥ 6 km and cloud thick-
ness < 6 km), middle level cloud (2≤ cloud base < 6 km and thick-
ness < 6 km), low level cloud (cloud base < 2 km and thickness <
6 km) and deep cloud (thickness≥ 6 km and cloud base < 2 km). The
study was based on data collected from the Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observation (CALIPSO) and CloudSat sa-
tellites between June 2006 and May 2010. The Amundsen/Belling-
shausen Sea region (ABS), which is located on the western side of the
Antarctic Peninsula, was observed to have the highest cloud occurrence
(more than 80%). Interestingly, the authors found that cloud top height
of high-level cloud and deep cloud in the Western Antarctic region
(refer to their Fig. 7 page 9 and Table 1 page 10) could reach up to
10.3 km and 9.1 km respectively during the winter, and 10 km and
8.6 km respectively during summer. The cloud thickness of the deep
cloud of Western Antarctic region could reach up to 7.6 km during the
winter and up to 7.2 km during the summer. It could be suggested that
the deep cloud structure (winter and summer) is similar to the cloud in
Sweden (Ahmad et al., 2015) during the summer with low cloud tops.
Ahmad et al. (2015) discussed the role of the shape and size of
thunderstorms in the production of +CG flashes in high latitude re-
gions. Often, in a tropical thunderstorm, the main positive charge
centre is screened from the ground by the main negative charge centre
and this pattern is influenced by the shape and size of the thunderstorm
(with narrow, elevated mixed-phase regions, higher cloud tops, and
slim shapes for hot tower thunderstorms). This in turn could explain
why +CG flashes are very rare in the tropics. On the other hand, high
latitude storms are generally thicker with lower cloud tops, e.g. around


























































































































































































































































































































































































































































































































































































N. Yusop, et al. Polar Science 20 (2019) 84–91
85
positive charge centre is not screened from the ground and this in turn
is why +CG flashes are prevalent in high latitude storms (Rakov and
Uman, 2003; Dwyer and Uman, 2014). In other words, tropical storms
produce less +CG flashes compared to high latitude storms.
In this paper, the characteristics of both +CG and –CG flashes are
examined and analysed using lightning detector (LD-350) and an
electric field mill (EFM) sensor installed at Carlini Base on the
Antarctica Peninsula. The flash rate, flash multiplicity and the percen-
tage of single-stroke CG flashes are discussed in this paper. Selected
days from February to July 2017 have been chosen based on the
maximum values of electric field recorded by EFM-100 for the analysis.
To the best of our knowledge, this is the first comprehensive study on
lightning characterization of both +CG and –CG flashes in this polar
region and it may give useful information on lightning activity and
charge structure of thunderclouds in this region.
2. Instrumentation and methods
2.1. Measurements
The measurements were taken with a Boltek Lightning Detector LD-
350 and EFM-100 installed at Carlini Base on the Antarctic Peninsula as
shown in Fig. 1(a) and Fig. 1(b). Fig. 2 shows the location of the Carlini
Base station at Antarctic Peninsula in this study. The LD-350 operates
based on the Magnetic Direction Finder (MDF) technique to locate the
source of lightning pulses. It measures the radiated impulse from the
discharges. It also used for a long range lightning detector which able to
plot strike locations and provide a relevant strike information in the
range of about 480 km. If there are intense storms, it can detect light-
ning pulses over 960 km away. Nextstorm Lite is a software used to
perform calculations, to draw strike and storm symbols on a map,
analyse the stroke signal wave shapes, and to count strikes. It is a stable,
reliable and highly accurate in terms of lightning locating accuracy. The
LTS-3 timestamp card is present on the LD-350 to capture the exact time
when the lightning signal was received. The data are timestamped with
an accuracy of hundreds of nanoseconds using a high accuracy timing
GPS receiver (Boltek Corporation, 2012).
The EFM-100 is used for short-range detection of nearby thunder-
storms up to 30 km away. The EFM-100 is a high quality atmospheric
electric field detector which can monitor and record data. It not only
detects nearby lightning but can also detect the high electric field
conditions which precede lightning. It is designed to provide a real time
reading of the electric field in the atmosphere with a time versus
electric field graph displayed on a computer along with lightning strike
distances accurate to within 1.6 km. Maximum and minimum measur-
able values of electric field strength are± 20,000 V/m and the response
time is 0.1 s (twenty readings per second) (Boltek Corporation, 2016).
The data from tropical storm in Malaysia on September 14th, 2016
was recorded from a single observation station hosting a wideband fast
and slow electric field antennae system (decay time constant 13ms and
1 s), magnetic field sensor (400–4000 Hz) (Zhang et al., 2016) and a
VHF sensor (40–80MHz) with a centre frequency of 60MHz. The sta-
tion is located at the Universiti Teknikal Malaysia Melaka (UTEM),
Malacca, Malaysia (2.314077° N, 102.318282° E). The output of the
antennas is digitized at rates of 20MS/s for 3 channels (fast and slow E-
field and dB/dt) and 250MS/s for 2 channels (fast electric field and
VHF sensor) with a resolution of 12 bits and 8 bits. Data records were
event-triggered and were 0.5 s long. The timing for each event was
provided by a GPS. Additional details of the E-field instrumentation are
given in Ahmad et al. (2014) and Esa et al. (2014). The observations
presented here were obtained from a single storm producing many
+CG flashes close to our system on September 14th, 2016.
2.2. Data processing
In this study, we used the data collected from the LD-350 and EFM-
100 on the Antarctic Peninsula for analysis. In order to process the LD
data, it needs to be converted first from *.nex to *.txt files using the
Windows command line (DOS) prompt software. The data consists of
the timestamp in seconds, the bearing to strike, corrected distance to
strike, strike type and strike polarity which is useful when studying the
characteristics of the lightning flashes in the Antarctic Peninsula. The
EFM-100 data need to be filtered first using code in the MATLAB pro-
gramme to ensure the quality of the data and to make sure there are no
missing data before processing again using MATLAB software. The
WWLLN data was confined by −50oS to −80oS and −30oW to −90oW
cover all strikes displayed from the LD system in 2017 as shown in the
dark blue area in Fig. 3. Data have been analysed for three selected days
for each month (altogether 54 storms) having maximum electric fields
on the 12th, 16th, 26th February, 18th, 27th, 31st March, 1st, 4th, 8th
April, 1st, 19th, 30th May, 15th, 20th, 26th Jun and 10th, 11th, 12th
July 2017 due to the presence of storms and lightning activity nearby
captured by the LD-350 and EFM-100 sensors. The EFM data were used
to analyse the diurnal variation of atmospheric electric field using 1-
min averages to avoid rapid changes in field for the analysis reported
here. It was also used as a proxy to support the events through the
lightning statistical analysis in this study. From the LD data, the type
and polarity of strikes were given in digital format 0 or 1 (CG or IC) and
0 or 1 (positive or negative), respectively. Then, both return strokes
underwent classification in order to determine one complete flash
within 1 s.
Fig. 1. Measurement installed at Carlini Base for a) lightning detector (LD-350)
and b) electric field mill (EFM-100).
Fig. 2. Location of Carlini Base station at Antarctic Peninsula in this observa-
tion.
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2.3. Storm location
All selected 54 storms within the six-month period of observation at
Carlini Base station were located in three regions as displayed in Fig. 3.
The area and location given are obtained from the screenshot of LD-350
on 21 February 2017. The screenshot was displayed every 1 h. Analyses
in this study have been made based on three Storms region A, B and C.
These represent composite storms made up from several other storms
occurring in one day. Storm region A was located to the northwest (N/
W) of Storm region B and Storm region C was located to the southeast
(S/E) of Storm region B with a distance range from 500 to 800 km.
Storm region B was located very close to the Carlini Base station with
distance range and angle taken within 100 km and 0°–360°, respec-
tively.
Fig. 4 shows more detail example of three storms on March 27th,
2017 (4a, top) together with EFM record (4b, middle). Fig. 4(a) shows
the locations of Storms region A, B and C similar to the plot in Fig. 3.
The centre of the circle is the location of the sensor at Carlini Base. The
farthest detected flash was 881 km from the sensor. Fig. 4(b) illustrates
the electric field mill record starting from 22:00:00 to 24:00:00 ART
(Argentina Time) in the range below 30 km on March 27th, 2017. The
maximum electric field was recorded around −20 kV/m at 22:03:00
ART. The maximum electric field records due to the strong thunder-
storm event have been detected closest to the station. Fig. 4(c) shows
the number of CG strikes detected within 1,000 km from the sensor. A
higher number of CG strikes was within 200 km of the sensor; 4,126
were observed. Around 232 CG strikes were observed between the
ranges 500–900 km from the sensor.
3. Results and discussion
The distribution of the number of lightning strikes in 2017 recorded
by the LD system was compared to the World Wide Lightning Location
Network (WWLLN) as shown in Fig. 5. Overall, a total of 1.12×108
lightning strikes were recorded by the LD compared to only 17,648
lightning strikes detected by the WWLLN system. Fig. 5(a) and (b) show
the monthly distribution of the number of lightning strikes detected by
the WWLLN and the LD system, respectively. The WWLLN system re-
corded higher number of lightning strikes in January and February with
3,936 and 4,282 strikes, respectively. However, for the rest of the
months, less than 2,000 strikes were recorded by the system. Obviously,
for the LD system the highest number of lightning strikes was detected
in the three continuous months of February, March and April with
about 30,704,252, 34,671,872 and 45,511,286 strikes, respectively. In
contrast, the rest of the months showed the lowest value of less than
240,000 strikes which was not displayed in the graph due to the small
value and while zero value was obtained in January as no LD data was
available.
The comparison revealed that the detection efficiency of the LD
system is approximately six thousand times higher than the WWLLN
system relative to the total number of lightning strikes throughout the
analysis. The LD sensor coverage is capable of capturing lightning
strikes from 480 to 960 km which is much more precise when compared
to the WWLLN which is above 10, 000 km from the receivers (Rodger
et al., 2017). The time accuracy used by the LD system is 100 ns which
is considered higher in terms of exactly capturing the time of the
lightning signal received (Boltek Corporation, 2012). Recent studies
have found the WWLLN is able to detect lightning locations accurately
to within about 5 km with timing accuracy of 15 μs and an estimated
Fig. 3. The area and location of strikes captured by the lightning sensor (LD-
350).
Fig. 4. Three storms detected by the LD system with high electric field on
March 27th, 2017 (a) Location of +CG and –CG strikes, (b) Electrostatic field at
the ground on March 27th, 2017 and (c) Histogram of the number of all CG
strikes within the detected range.
Fig. 5. Distribution of the number of strikes recorded by (a) WWLLN and (b) LD
network in 2017.
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overall stroke detection efficiency of 11% (Hutchins et al., 2012a;
Abarca et al., 2010; Rodger et al., 2009). Rudlosky and Shea (2013)
found WWLLN detection efficiency of 6.0% for 2009, 6.8% for 2010,
8.1% for 2011, and 9.2% for 2012 in the Western Hemisphere between
38oN and 38oS. Therefore, the capabilities of the LD system in terms of
the detection efficiency, coverage and time accuracy are considered
higher and more precise than the WWLLN system in capturing the
lightning strikes in the Western Antarctic region.
The flash rate and flash multiplicity were analysed for three dif-
ferent seasons in an area within 1,000 km of Carlini Base on the
Antarctica Peninsula, starting at the end of summer (February 2017)
progressing towards fall and ending in the winter (July 2017). Three
storm days (within 1,000 km radius from LD sensor) with three com-
posite thunderstorm areas (Storms region A, B, and C as shown in Fig. 3
have been selected from a collection of storm days within each month.
These thunderstorms were chosen based on the good record of EFM on
that particular day. Therefore, for the six-month period from February
to July 2017, a total of 54 thunderstorms have been chosen for the
analysis purposes. A total of 355,899 flashes were recorded with
156,190 +CG and 199,709 –CG flashes from these 54 thunderstorms.
Fig. 6 shows the evolution of monthly flash rate for +CG, –CG and
the total of both +CG and –CG. The monthly flash rate values for total
CG is depicted with a symbol ‘x’ and connected by short dashed line.
The monthly flash rate values for +CG and –CG are depicted with
symbols of ‘o’ and ‘-’ connected by solid and dashed lines, respectively.
The values given on the lines between the symbols are the flash rate
ratio. The flash rate ratio is calculated based on the value of the current
month divided by the value of the previous month, e.g. March flash rate
divided by the February flash rate.
In the beginning of the fall season in Antarctica (March), the total
number of flashes increased compared to the total number of flashes at
the end of summer in Antarctica (February). This is shown clearly from
the values of flash rate ratio between February and March 2017 for all
observed storms (Storms region A, B and C). The total number of flashes
keep increased in April for Storm region B. On the other hand, the total
number of flashes for Storms region A and C started to decrease. For the
rest of the months until June, the total number of flashes kept decreased
drastically as evidenced from the large ratio values, e.g. a ratio of
61,357 from April to May for Storm region B. Interestingly, there is a
slight increase for all storms during the winter season from June to
July.
It seems that the results shown in Fig. 6 suggest that Storm region B
produced significantly large amounts of CG flashes compared to Storms
region A and C. For example, in March Storm region B produced more
than 100,000 CG flashes when compared to Storm region A and C
which both produced less than 20,000. It is important to realize here
that Storm region B was located close to the LD sensor in Carlini Base
(within 100 km) and therefore the detection efficiency is much higher
than for Storms region A and C which were located between 500 and
800 km away from the LD sensor. So, it is logical that such large
Fig. 6. Evolution of flash rate per month according to season from summer to winter (February to July 2017) for Storm region (A), Storm region (B) and Storm region
(C).
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numbers of CG flashes were recorded for Storm region B. The important
observation is that most of the CG flashes (both +CG and –CG) were
produced during summer and fall while significantly smaller numbers
of flashes were produced during winter. This result is expected because
of the temperature dependence of the Clausius–Clapeyron relationship
when the temperature is much warmer and humid during the summer
and fall compared to the winter season. Moreover, we also anticipate
that the occurrence of CG flashes in Antarctica must show similar
characteristics to those produced in storms in high latitude regions (e.g.
Scandinavian countries, Japan, etc.) with fewer winter storms.
Fig. 7 shows the distribution of the daily flash rate for +CG and –CG
flashes. The values given on each bar are the ratio of +CG to –CG
flashes. It seems that the distribution of daily flash rate is not uniform as
some days produced fewer and some days produced more flashes. This
in fact is related to the lifetime of the storms. Storms with shorter
lifetimes produce less flashes and vice versa. The important analysis
that we want to reveal is that the ratio of +CG to –CG flashes is rela-
tively high when compared to the ratio obtained at other geographical
Fig. 7. Distribution of the flash rate per day for cloud to ground (CG) flashes for Storm region (A), Storm region (B) and Storm region (C).
Fig. 8. Distribution of the number of strokes per flash for +CG flashes.
Table 2
Comparison of negative ground flashes with different flash multiplicity.
Researcher Location Number of flashes Mean multiple stroke Maximum multiple stroke
Present study (2019) Antarctica 199709 1.2 16
Hazmi et al. (2016) Indonesia 100 5.2 18
Baharudin et al. (2014) Malaysia 100 4 14
Zhu et al. (2015) Florida 478 4.6 17
Yair et al. (2014)
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regions. It is a well-known fact that the occurrence of +CG flashes is
latitude dependent (Ahmad et al., 2015). In other words, tropical
storms produce less +CG flashes when compared to high latitude
storms.
Often in a tropical thunderstorm, the main positive charge centre is
screened from the ground by the main negative charge centre and this
pattern is influenced by the shape and size of the thunderstorm (with
narrow, elevated mixed-phase regions, higher cloud tops, and slim
shapes for hot tower thunderstorms). This in turn could explain why
+CG flashes are very rare in the tropics (Ahmad et al., 2015). On the
other hand, high latitude storms are generally thicker with lower cloud
tops, e.g. around and less than 12 km for summer storms in Sweden.
Therefore, the main positive charge centre is not screened from the
ground and this in turn why +CG flashes are prevalent in high latitude
storms (Rakov and Uman, 2003; Dwyer and Uman, 2014).
As expected, the results in Fig. 7 reveal that +CG flashes do occur in
Antarctic storms, even for winter storms. The mean, median and range
of the ratio of +CG to –CG flashes are 0.7, 0.718 and 0.217–1.279,
respectively. In several thunderstorms, the number of +CG flashes even
surpassed the total number of –CG flashes such as for Storm region A in
March, Storm region B on May 19th, and Storm region C on June 26th.
In total, the +CG flash count constituted 43.9% of the total flashes.
Such prevalent occurrences of +CG flashes in Antarctica might be due
very low cloud tops or perhaps the inversion of the dipole charge
structure.
Table 1 provides a comparison on the number of strokes per flash
for +CG flashes at various geographical locations and latitudes in-
cluding the current results obtained from storms in Antarctica and
Malaysia. The distribution of the numbers of strokes per flash from the
Carlini Base for +CG flashes is depicted in Fig. 8.
Clearly, most of the +CG flashes (> 80%) have been recorded with
only one or two strokes. As expected, the average multiplicity ranged
between 1.1 and 1.5. The average multiplicity for our study in
Antarctica is 1.1 and this value is consistent with some other studies
carried out in tropical, subtropical and temperate (Sweden) regions. By
making the comparison among the studies, the occurrence of five-stroke
+CG flashes was the highest number of strokes found in this present
study and four strokes are rarely reported (Johari et al., 2017;
Baharudin et al., 2016; Heidler and Hopf, 1998). The multiple-stroke
percentage found in this study was around 11% which is similar to
recent results found by Johari et al. (2017) (12%) and comparable to
the finding of Nag and Rakov (2012) (19%) and Saba et al. (2010)
(19%). However, there is a big difference compared to the results ob-
tained by Baharudin et al. (37%) and this may be due to the mea-
surement period and the total number of samples taken in the ob-
servation. Heidler and Hopf (1998) and Heidler et al. (1998) found that
different measurement periods had a significant effect to the value of
the percentage.
Table 2 presents a comparison on the number of strokes per flash for
–CG flashes at various geographical locations and latitudes including
the current results obtained from storms in Antarctica. The average
multiplicity and the maximum multiple stroke found in this study were
1.2 and 16 respectively. Both values are consistent with the results
found by Yair et al. (2014) were 1.4 and 16 respectively. On the other
hand, average multiplicity values found by other researchers (Hazmi
et al., 2016; Baharudin et al., 2014; Zhu et al., 2015; Saba et al., 2010)
were higher, perhaps because the number of samples taken were sig-
nificantly smaller compared to the current study and Yair et al. (2014).
This has a significant effect on the number of mean multiple strokes
presented. Nevertheless, the maximum multiple strokes reported by
Saba et al. (2010) were similar with the present study. Multiple-stroke
positive flashes do occur, but they are relatively less common compared
to multiple-stroke negative flashes as evidenced from Table 1 and also
in Johari et al. (2017) and Rakov (2003). As presented in this study, the
maximum number of strokes for +CG and –CG flashes from Antarctica
thunderstorms were 5 and 16 respectively and these results are
convincing when compared to the previous studies.
4. Conclusion
Characteristics of both +CG and –CG flashes have been analysed for
54 thunderstorms from February to July 2017 in area within 1,000 km
of the Carlini Base station on the Antarctic Peninsula. The flash rate,
flash multiplicity and the percentage of single-stroke flashes were ex-
amined for three different seasons – summer, fall and winter. The
number of CG flashes found was 156,190 +CG and 199,709 –CG fla-
shes comprising a total of 355,899 flashes. Most of the CG flashes (both
+CG and –CG) were produced during the summer and fall while a
significantly smaller number of flashes were produced during the
winter. The percentages of CG flashes during the summer, fall and
winter were 61.96%, 37.23% and 0.80% respectively. The majority of
the +CG flashes (more than 80%) were single-stroke or two-stroke
flashes. The average multiplicity was 1.1 and the maximum multiple
strokes was five. The average multiplicity and the maximum multiple
strokes found for –CG flashes were 1.2 and 16, respectively. The char-
acteristics of both +CG and –CG flashes obtained in this study are fairly
similar to other stroke counting studies in various geographical regions.
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